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group (≤ 1 mm/h) has greater impact on the groundwater recharge rate than other groups (> 1 mm/h). 23
This study shows that the combination of the time-series analysis and the water-table fluctuation 24 method could be an useful approach to investigate groundwater recharge in fractured hard rock 25 aquifers in Ireland. 26
Introduction 27
Fractured plutonic and metamorphic rocks underlie over 65% of the island of Ireland. These hard 28 rocks with generally low groundwater yield are often referred to as poorly productively bedrock 29 aquifers (GSI, 2006; Robins and Misstear, 2000) . Located in a temperate maritime climate where 30 surface water resources are abundant, these hard rock aquifers have attracted little research interest to 31 date in Ireland due to their limited role in public water supplies. As a result, knowledge of their role in 32 sustaining surface water quality and ecosystem services is poorly constrained, partly due to a lack of 33 detailed understanding of groundwater recharge processes, subsurface water movement within the 34 In Ireland, groundwater recharge in hard rock aquifers has only received limited attention to date. A 45 small number of studies make reference to hard rock aquifers in terms of recharge and the variability 46 in hydrograph response between aquifer types (Misstear and Fitzsimons, 2007; Tedd et al., 2012) . 47
Despite some site studies of recharge estimates for the fractured limestone aquifer and sand & gravel 48
aquifer (e.g., Misstear et al., 2009b; Misstear et al., 2008) , the main focus of research activities in the 49 area of groundwater recharge over the last decade in Ireland was to develop a framework to assess 50 groundwater vulnerability. This framework was to account for key factors, including permeability and 51 thickness of superficial deposits, the presence of saturated soil and the hydrogeological properties of 52
Recently, an investigation of a headwater catchment underlain by the hard rock aquifer in Gortinlieve, 55
County Donegal, Ireland suggests that deep groundwater contributes to the maintenance of annual 56 river baseflow levels (Caulfield et al., 2014) . Other field investigations of igneous rock (granite) 57 systems in Japan and USA have also reported that groundwater within the weathered bedrock zone 58 beneath the subsoil on hillslopes contribute 14-95% to streamflow generation (cf. Salve et al., 2012) . 59
Studies in the UK and Australia reveal that there is significant groundwater flow through both shallow 60 and deep fractured bedrocks which could provide much of stream input even during periods of high 61 flow (Banks et al., 2009; Shand et al., 2007) . Despite these studies providing different results with 62 regard to the role of shallow and deep groundwater for streamflow generation which probably reflects 63 specific differences in hydrogeological settings, all studies underline the importance of fractured hard 64 rock systems in terms of transferring water and associated pollutants (e.g., nitrate) to surface water 65 bodies (e.g., Paulwels et al., 2001; Pawar and Shaikh, 1995) . A better understanding of groundwater 66 flow pathways within the Irish hard rock systems could help to implement a programme of measures 67
to meet water quality targets required by the WFD. 68
To generate streamflow even at times of high flow, precipitation must transit the unsaturated zone of 69 the hard rock system and cause a rapid groundwater-level response for delivering water to bordering 70 streams. This is a function of groundwater recharge. To investigate how the hard rock system 71 contributes to streamflow generation, we must understand the recharge processes within different 72 geological units in the system. This requires monitoring installations within different geological zones 73 of the hard rock system to investigate groundwater-level response to rainfall as well as to estimate 74 recharge rates. There are a number of studies which have been reported using field instrumentation 75 techniques (tensiometers and/or piezometers) to investigate groundwater processes on hillslopes 76 underlain by the hard rock aquifers. Some focused on groundwater recharge (e.g., Kosugi 1998) and investigates the "memory effect" (the required time for a system to "forget" its initial 163 conditions) (Mangin, 1984) . For an uncorrelated time-series (e.g., rainfall), the autocorrelation 164 function exhibits a sharp decline from one to below a predefined value (usually 0.2) within a short 165 time lag. In contrast, an autocorrelation function that exhibits a slow decline for a long time lag 166
suggests that the time-series has strong interdependency and a long memory effect. The mathematical 167 expression of the auto-correlation function can be written as: 168
where ( ) is the correlogram, is the length of the time-series, is the time lag ( =0 to , 171
is the value of studied variables at time , ̅ is the mean value of the series , ( ) is 172 the auto-correlation function. 173
The cross-correlation analysis considers transformation of the input to the output signals. The cross-174 correlation function represents inter-relationship between the input and output time-series. For a 175 random input series, the cross-correlation function corresponds to the impulse response. For the cases 176 where the cross-correlation function is not symmetrical and has a maximum or minimum for a 177 positive lag, this indicates that the input signal has some impacts on the output signal. The lag time 178 which corresponds to the maximum of the cross-correlation function is defined as the response time. 179
In this study, the response time obtained from the cross-correlation function between rainfall and 180 groundwater-level time-series corresponds to the mean response time of the water-level in a well to 181 rainfall events. This is similar to the concept which has been used to investigate discharge in the karst 182 aquifers (e.g., Mangin, 1984) . The mathematical expression of the cross-correlation function can be 183 written as: 184
where is the cross-correlogram, is the time lag; is the length of the time-series, and are 187 input and output time-series, respectively, ̅ and are the mean values of the series and , 188 respectively, is the cross-correlation function, and is the standard deviation of the time-series. 189
To exhibit a significant correlation between input and output time-series at the 95% confidence 
5.
Water- 
where is recharge at time t, ℎ is water-level at time t, is drainage rate (which accounts for how 216 far the water level would have fallen had recharge not occurred), ′ is the sum of rainfall during the 217 groundwater-level response time (t', groundwater-level response time: the required time period to 218 groundwater-level rise after a rainfall event which is determined by the cross-correlation analysis of 219 the rainfall and groundwater-level time-series data). 220
The processes used in this study for the recharge estimate are summarised as: 1) determine the 221 drainage rate as a function of the water-table height. Daily water-table decline rates at each well were 222 determined by analysing the groundwater-level record of those days in the 2-year observation period, 223 where no rainfall occurs during the day and its antecedent response time period. The drainage rate was 224 determined by a linear fitting process of daily water-table decline to its corresponding water-table 225 height; 2) add the drainage term into the hourly water-table change time-series with the antecedent 226 rainfall ( ′ > 0); 3) conduct the cross-correlation analysis between the newly updated water-table 227 change and rainfall time-series, and update the response time if it has been changed; this process is to 228 account for the impact of the drainage effect on water-table change; 4) remove all negative terms in 229 the water-table change time-series; 5) remove all positive terms with no antecedent rainfall ( ′ =0); 230 this process is to eliminate/limit the impact of other factors (e.g., diurnal fluctuations and other factors) 231 on recharge estimate; 6) aggregate the hourly positive water-table change time-series into a monthly 232 time-series; 7) multiply the monthly water-table rise time-series by the specific yield to obtain the 233 monthly recharge. In this study, a constant specific yield was to use for the recharge estimate, which 234 depth was applied. 236
Selection of appropriate values of specific yield for use in the WTF method is very challenging, in 237 particular for fractured hard rock aquifers. This is because aquifer tests for estimating specific yield 238 are usually unreliable for determining the specific yield in fractured rock systems due to the 239 limitations of the methods. These include the non-uniqueness of data interpretation as well as the 240 
6.
Results and discussions across a number of recharge and recession events within a daily/weekly timeframe (GO1-TZ, GO2-281 TZ and GO3); 2) smooth response to rainfall across recharge and recession events within a 282 weekly/monthly timeframe with seasonal variations (GO1-SB, GO2-SB and GO2-DB); 3) no 283 apparent response to the rainfall events but with the seasonal variations (GO1-DB). These different 284 variation patterns reflect the different hydrogeolocal settings where the wells have been installed. For 285 example, with GO1-TZ and GO2-TZ installed in the conductive transition zone (7x10 -2 m/d, Table  286 A.1) overlain by a shallow 0.8 m subsoil, this geological setting supports rapid recharge and recession 287 responsive to the rainfall events. The relative high-conductive units at GO3 (subsoil: 10 m/d, 288 transition zone and bedrock units 3x10 -3 -4x10 0 m/d, Table A .1) suggest a good hydraulic connection 289 between the units at the base of the hillslope. As consequence of this, rapid and simultaneous 290 responses to rainfall events were found in all wells at the GO3 cluster. Similar to GC3, the upward 291 groundwater gradient and the higher groundwater level than the nearby stream level at GO3 indicate 292 that both deep and shallow groundwater contribute to stormflow and baseflow. At GO1, three 293 different types of groundwater hydrographs suggest different hydrological processes controlling 294 groundwater-level variations among the transition zone, shallow and deep bedrocks. In contrast, a 295 similar variation pattern in the shallow and deep bedrocks at GO2 may suggest similar hydrological 296 processes controlling groundwater level fluctuations in these two bedrock units. Despite GO1 and 297 GO2 being installed in similar bedrock units with similar permeabilities (Table A. 1), the different 298 patterns of groundwater hydrographs in the shallow and deep bedrocks at these two well clusters 299 suggest that other factors apart from the rock permeability (e.g., topography and others) may also 300 influence on water-level responses to rainfall. 301
Overall, analyses of the groundwater hydrographs at the two study sites highlights that the processes 302 controlling groundwater-level response to rainfall are different in the different geological settings. 303
This implies that further analyses of the groundwater-level and rainfall time-series must be carried out 304 to indentify the key recharge mechanisms in the different geological layers, before applying the 305 quantitative methods for recharge estimates. The analysis also suggests that deep and shallow 306 groundwater at the base of the hillslope contributes to stormflow and baseflow throughout the year. In 307 addition, the conceptual understanding of groundwater flow processes along the two hillslope sites 308 based on the measured water levels is presented by Unlike the Glencastle site, the auto-correlation functions at the Gortinlieve site are rather complex. 325
This includes: 1) an uncorrelated characteristic for rainfall as well as for the groundwater hydrographs 326 at GO1-TZ, GO2-TZ and GO3; 2) an inter-relationship behaviour for GO1-SB and GO2-SB; 3) a 327 periodic noise observed for GO1-DB and GO2-DB (Figure 4b ). The uncorrelated characteristic at 328 GO1-TZ, GO2-TZ and GO3 indicates limited storage effect on the water-level variations at these 329 monitoring wells. This is consistent with the hydraulic test and well log data of the geological units 330 indicating that these wells were installed in relatively high permeability units (Table A. 
Cross-correlation and recharge implications 337
Cross-correlation analysis was used to determine groundwater-level response time to rainfall, by using 338 the respective time-series data as the input and output signal. The mean response time represents the 339 lag time of the peak cross-correlation coefficient for the time-series data over the two hydrological 340 years. The seasonal response time was determined by the sliding windows cross-correlation method 341 analyses for GO1 & 2, while the measurements from the rain gauge at the base of the hillslope was 344 used for GO3. 345
At Glencastle, the cross-correlation functions show a good correlation (peak ,∆ : ~0.5) between 346 rainfall and water-level variations for GC2-SS & -TZ and GC3 within a time delay of 1 hour, while a 347 fair correlation (peak ,∆ : ~0.2≫ significant level of 0.015) was found for GC1 and GC2-SB with a 348 time lag of -1, -2 and 3 hours, respectively (Figure 5a & Table 1 that, due to the scales of data plotting in Figure 2 , water-level responses to rainfall look identical for 357 GC2-SS, TZ and SB. However, the hourly head response to rainfall over the two hydrological years at 358 GC2-SB is much smoother than those at GC2-SS and TZ (Figure S .1 in the supplement), which 359 attributes to a longer response time with a lower peak value of ,∆ at GC2-SB. 360
At Gortinlieve, the cross-correlation analysis reveals a rapid response to rainfall within 1-2 hours for 361 GO1-TZ, GO2-TZ and GO3, while a slow response up to 19 hours was found for GO1-SB and GO2-362 SB. In addition, a negative response time of -60 hours with a low peak ,∆ value (0.05) for GO1-DB 363 and a response time of 26 hours for GO2-DB were observed (Figure 5b & Table 1 ). The rapid 364 response to rainfall at GO1-TZ, GO2-TZ and GO3 suggests that water-level fluctuations in these 365 wells are influenced by fast flow pathways. The slow response to rainfall at GO1-SB and GO2-SB 366
indicates that water-level fluctuations are influenced by slow flow matrix storage. For GO1-DB and 367
Further analysis by the sliding window cross-correlation method shows that the seasonal variations in 370 rainfall have very limited impacts on the response times at the Glencastle site (Figure 6 & Table 1) . 371
The results show high seasonal peak values of ,∆ (0.29-0.60) with the rather stable seasonal 372 response time observed at GC2-SS, GC2-TZ and GC3 regardless of varying rainfall intensity over the 373 two hydrological years (Figure 6c&d ). This reiterates that groundwater infiltrations within these 374 The variations of the seasonal response times during the 2010 winter period are probably due to the 378 unusual heavy snow as a result of the unusual cold winter. The slow snow melting process in the 379 lower temperature of the hilltop could change the rainfall input into the aquifer. The seasonal 380 variability up to one order magnitude with the longer response times in the dry seasons and the shorter 381 ones in wet seasons at GC2-SB suggests a seasonal variability in the rock matrix storage. As water-382 level at GC2-SB is higher than those at the shallow wells of GC2-SS and TZ, it is likely that the 383 seasonal variability was induced by the seasonal change of rock matrix storage up-gradient. 384
For the Gortinlieve site, the stable seasonal response time observed at GO2-TZ and GO3 with few 385 occasional outliers confirms that fast groundwater infiltration pathways are dominating within these 386 geological units again. However, there are some fluctuations observed in GO1-TZ, with a general 387 trend of a longer response times in the dry seasons and shorter ones in the wet seasons. This suggests 388 that the variations of the unsaturated thickness may have influences on seasonal groundwater 389 infiltration (Figure 7 & Table 1 ). As expected, with the storage effect on GO1-SB and GO2-SB as 390 well as tidal forcing effects observed in groundwater-level variations at GO1-DB and GO2-DB, a 391 larger seasonal variability of the response was found among these wells. 392 TZ, GC3, GO1-TZ, GO2-TZ and GO3 is dominated by fast flow pathways, with a limited seasonal 394 variability of the response time. In contrast, groundwater infiltration at GC1-SB, GC1-DB, GO1-SB 395 and GO2-SB is likely dominated by slow flow matrix storage. The groundwater variations in GO1-396 DB and GO2-DB contain a periodic noise which may reflect the effect of tidal forcing 397 (earth/atmospheric). The seasonal change of matrix storage and tidal forcing effects may be regarded 398 as the main reasons for seasonal variability of the response time observed in these wells. 399
6.3
Groundwater recharge estimate
400
As the WTF method is based on the assumption that rises in water-table in unconfined aquifers are 401 due to direct recharge, we only use the groundwater hydrographs from 8 shallow wells (GC2-SS, 402
GC2-TZ, GC3-SS, GC3-TZ, GO1-TZ, GO2-TZ, GO3-SS and GO3-TZ) to estimate groundwater 403
recharge rates. In above correlation analyses, these wells showed water-level fluctuations dominated 404 by fast groundwater infiltration pathways. Despite a similar infiltration behaviour being identified for 405
GC3-SB, GC3-DB, GO3-SB and GO3-DB, these hydrographs have been not included in the recharge 406
estimates, as it is uncertain whether these bedrock units may be regarded as unconfined aquifer given 407 the observed upward head gradients. 408 Figure 8 shows the monthly accumulated water-table rise including the drainage term for the eight 409 shallow wells at Glencastle and Gortinlieve over two hydrological years applying the WFT method 410 (Equation 6). Overall the monthly water-table rises correlate well with the monthly rainfall for each 411 site, with a general trend of higher water-table rises occurring in wet winter months and lower ones in 412 dry spring/summer months. For the Glencastle site, similar water-table rises were observed for the 413 wells installed in the subsoil and transition zones of GC2 and GC3. This is an indication of these two 414 geological units being well connected as the hydrographs between SS and TZ were overlapped in 415 GC2 and GC3 (Figure 2) respectively. By using the same specific yield, the groundwater recharge 416 rates in the subsoil and transition zones at GC2 and GC3 are similar, despite the wells being installed 417 into different geological units but having water-level fluctuating within the subsoil layer (Table 2) . 418
However, the monthly water-table rises at GC2 were only about a quarter of those further down the 419 explanation is the effect of the deep groundwater drainage towards the down gradient of the hillslope 422 induced by the upward gradient at GC2. 423
For the Gortinlieve site, the monthly water-table rises for individual well are rather complex. In 424 general, GO1-TZ is more responsive to rainfall than GO2-TZ, particularly in the wet season months. 425 This is consistent with the groundwater hydrographs, as groundwater fluctuations at GO1-TZ are 426 flashier than those at GO2-TZ (Figure 3) . A similar pattern is also observed between GO3-SS and 427 GO3-TZ. In particular, the result shows that the increases of rainfall in some periods of the second 428 hydrological year (e.g., Oct-Dec 2011 and Jun-Jul 2012) has significant impact on the amount of 429 water-table rise (Figure 8b ). An increase of annual rainfall of 26% in the second year led to the 430 increase of the annual water-table rise by 6.1 m for GO1-TZ, by 8 m for GO2-TZ, by 4.3 m for GO3-431 SS and by 3.2 m for GO3-TZ when compared with those in the previous year ( Table 2 ). The increase 432 in rainfall has more impact on groundwater recharge at locations with a thinner subsoil layer (0.8 m 433
for GO1-TZ and GO2-TZ, 3.3 m for GO3-SS and 4.8 m for GO3-TZ, Table A.1). This is consistent 434 with the previous study of the impact of subsoil thickness on recharge rates in Ireland (Misstear et al., 435 2009a) . Statistical analysis of the rainfall intensity shows that, despite an increase of ~250 mm rainfall 436 in the low intensity events (≤ 2 mm/h) for the second year, a similar distribution of the rainfall 437 intensity was found for the two hydrological years (Figure 9 ). There are some substantial increases of 438 the water-tables rises observed to GO1-TZ (3.5 m) and GO3-SS (~2 m) in low rainfall density events 439 (≤ 1 mm/h) in the second year. However, their contributions to the annual water-table rises in 440 percentage are similar to those in the previous year (~60%). In general, the low intensity rainfall 441 events (≤ 2 mm/h) contribute to ~65-70% of the annual rainfall, and contribute ~60-80% of the annual 442 water-table rise (Figures 9c & d) . The increase of rainfall in the second year did not change the overall 443 distributions of the rainfall intensity events contributing to the annual recharge, except a 10% of the 444 annual recharge shifting towards the higher intensity rainfall events of ≥5 mm/h being observed in 445 GO3-TZ. The ratio of the water-table rise and rainfall show that the lower rainfall density group (≤ 1 446 mm/h) has higher impact on the groundwater recharge rate. The higher intensity groups (> 1 mm/h) 447 generally have a similar impact on groundwater recharge rate although some variations were found at 448 different wells. 449 Table 2 summarizes the annual recharge rates estimated by the WFT method, as well as the selected 450 specific yield values for recharge estimates. In this study, a specific yield of 0.01 and 0.005 was 451 chosen for the subsoil at both study sites and for the transition zone at Gortinlieve, respectively. These Furthermore, the specific yield for the subsoil was used to estimate the recharge in transition zone of 472 GC2-TZ, GC3-TZ and GO3-TZ instead of using the specific yield for the transition zone. This is 473 because the groundwater-level fluctuations in these three wells are within its overlying subsoil layer 474 despite the wells being installed in the transition zone. 475
With the WFT method, annual recharge rates were estimated to be 48-175 mm/yr for the subsoil at 476 both sites (Table 2) . These represent 5-19% of the annual rainfall. For the transition zone, the slightly 477 lower recharge rates of 42-159 mm/yr was obtained, which represent 4-17% of the annual rainfall. 478
The slightly lower recharge rates for the transition zone compared to the subsoil suggest that a small 479 percentage of the rainwater infiltration in the subsoil may travel down gradient via lateral flow within 480 the layer, which is consistent with general hillslope recharge mechanisms (e.g., Salve et al., 2012; 481
Uchida et al., 2003
). The result also shows the spatial-temporal variations of the recharge rate for both 482 sites. In general, higher recharge rates are found at the base of the hillslope, while lower rates are 483 found at the hilltop and in the middle of the hillslope. Recharge rates at Gortinlieve are more sensitive 484 to the change of rainfall than those at Glencastle. An increase of the annual rainfall of 26% in the 485 second hydrological year led to the increase of the annual recharge rates of 40-90% at Gortinlieve 486 (Table 2) . Overall, the spatial variation of recharge rates found at both sites is consistent with 487 findings from other studies, as recharge rates estimated from the WTF method can be influenced by 488 differences in elevation, geology, land-surface slope, and other factors (e.g., Lee et al., 2005) . 489
We recognise that the recharge rates estimated in this study using the WTF method contains 490 uncertainty which is difficult to quantify. The major challenge of this study is that there was no 491 reported specific yield values obtained from the reliable field methods (e.g., the water budget method) 492 for hard rock aquifers in Ireland. In addition, there were very limited field-scale studies which have 493 been reported to estimate specific yield in the similar geological setting in other countries. Another 494 challenge of the study is to quantify the recharge rates within shallow subsoil and transition zones 495 where groundwater-level from ~0.5 m to 2m below ground surface. With such shallow depths of 496 water levels, the impact of the capillary pressure on specific yield estimate is dependent on the heights 497 of the capillary fringe in subsoil and transition zones. For the extreme cases where the depth to water 498 table is less than the height of the capillary pressure, no water is released when water levels change 499 (Childs, 1960; Healy, 2010). To quantify the uncertainty of the recharge estimates, field studies with 500 beyond the scope of this study. In addition, it is important to recognise that the recharge rates 503 estimated for the shallow layers of subsoil and transition zones in this study do not necessarily 504 represent those in the deeper bedrock units. The low permeability of the deeper bedrock units can 505 prevent further vertical infiltration of rainwater. This is evident from the correlation analyses which 506 suggest that slow flow matrix storage controls water-level variations in shallow and deep bedrock 507 wells at the top and in the middle of the hillslope. The low permeability of the bedrock could induce 508 lateral water flow within the subsoil and transition zone, leaving only a small percentage of the 509 infiltrated rainwater further migration into the deeper bedrock via hydraulically active fractures and 510 slow flow pathways via the rock matrix. 511
Conclusions 512
In this study, we examined 19 groundwater level hydrographs from two Irish hillslope sites underlain 513 by hard rock aquifer. The correlation analyses of rainfall and groundwater-level variations show the 514 rapid groundwater-level response to rainfall (≤ 2 hours) with little seasonal variability at all the wells 515 completed in subsoil and transition zone as well as at wells installed in the shallow and deep bedrock 516 units at the base of the hillslope. This suggests that groundwater recharge in the subsoil and transition 517 zone as well as in the shallow and deep bedrock units at the base of the hillslope is dominated by fast 518 infiltration flow pathways. For wells completed in the shallow and deep bedrock units close to the 519 hilltop and at the middle of the hillslope, groundwater recharge in these shallow and deep bedrock 520 units at these locations is dominated by slow flow matrix storage. 521
A modified WTF method has been also applied to estimate groundwater recharge rate using the 522 groundwater-level and rainfall time-series in this study. In this approach, an automated time-series 523 computer code was developed for the recharge estimate by accounting for the drainage effect. In 524 addition, a procedure to examine the water-table rise by the antecedent rainfall was used to exclude 525 the water-table rises with no rainfall in the recharge calculation. This procedure was to eliminate/limit 526 the influences of diurnal fluctuations and other processes on recharge estimate. The results show 527
These represent 5-19% and 4-17% of the annual rainfall rate, respectively. Statistical analysis of the 529 relationship between the rainfall intensity and water-table rise reveal that the low rainfall density 530 group (≤ 1 mm/h) has greater impact on the groundwater recharge rate than other rainfall groups (> 1 531 mm/h). This study showed the usefulness of the correlation analyses to characterise the groundwater 532 hydrograph and to understand the long-term and seasonal inter-relationship between groundwater 533 level variations and rainfall. This provides critical information to reveal the underlying processes 534 controlling water-level variations in the hard rock aquifers. Coupling the correlation analysis with the 535 automated WFT method could provide a useful tool to estimate recharge rates in the hard rock aquifer. 536
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